for the CH-interaction, and the loss of either of them significantly reduced the affinity for (6-4)PPcontaining oligonucleotides, as well as the quantum yield of DNA photorepair. From experimental and theoretical observations, we formulated a DNA binding model of (6-4)PLs. Based on the binding model, we mutated this Arg in Xl64 to His, which is well conserved among the animal cryptochromes (CRYs), and found that the CRY-type mutant exhibited reduced affinity for the (6-4)PP-containing oligonucleotides, implying the possible molecular origin of the functional diversity of the photolyase/cryptochrome superfamily.
INTRODUCTION
Photolyases (PLs) are flavoproteins that harness the blue light in sunlight to restore UV-induced DNA damage, namely cyclobutane pyrimidine dimers (CPDs) and pyrimidine pyrimidone photoproducts ((6-4) photoproducts, (6-4)PPs), to the two intact, adjacent pyrimidine nucleobases (1) . PLs share amino acid sequences and tertiary structures with cryptochromes (CRYs), which participate in signal transduction in plants (2) and circadian clock regulation in vertebrates (3) , and therefore, PLs and CRYs are considered to be evolutionarily linked, despite their diverse biological functions. Understanding the molecular origin of the functional differentiation of these two closelyrelated proteins with similar architectures is an interesting and challenging issue.
The primary reaction in the photorepair of CPDs and (6-4)PPs by their specific PLs (referred to as CPD-PLs and (6-4)PLs, respectively) is the light-driven electron transfer from the excited state of the fully-reduced form of the noncovalently bound flavin adenine dinucleotide (FAD) to the lesions ( Figure 1A ) (4, 5) . In CPD photorepair, the two covalent bonds linking the two pyrimidine bases in the CPD lesion are cleaved within 100 ps after the electron injection, and the electron returns within ∼2 ns to the transiently formed FADH
• , resulting in the recovery of the catalytic FADH -and the restoration of the intact bases (6) (7) (8) . In (6-4)PP photorepair, a more complicated mechanism using two photons in the entire repair process has been suggested (9, 10) .
As electron transfer is the primary photorepair reaction by the PLs, the enzymes need to accommodate the UV lesions as close as possible to the light-absorbing catalytic center. However, the CPD lesion is stably located in the DNA duplex by forming hydrogen bonds with the complementary adenine bases (11, 12) , with a theoretical total interaction energy around the CPD of -60 kcal mol -1 (13) . Upon binding of PLs, the lesions in the duplex are flipped out of the helix (14) , and the flipped bipyrimidine lesions are captured within the FAD-buried cavity in the Cterminal domain (15) . This accommodation of the lesion in the active site has clearly been observed in the crystal structures of Anacystis nidulans CPD-PL (16) , Methanosarcina mazei class II CPD-PL (MmCPDII) (17) , and Drosophila melanogaster (6-4)PL (Dm64) (18) , in the complexes with their double-stranded substrates containing the CPD or the (6-4)PP. In these complex structures, the flipped lesions are recognized by the surrounding amino acid residues, as well as a water cluster, in the active site through hydrogen bonds, which keep the lesion flipped. Indeed, a recent theoretical study demonstrated that the amino acid residues around the active site play a determinant role in the DNA binding ability of CPD-PL (19) .
Considering the very beginning of the enzyme binding process, however, the enzymes first need to recognize the lesion from the outside of the DNA helix in the proper direction, since the lesions, especially (6-4)PPs, have an asymmetric structure. How do the PLs recognize the lesion in a direction-dependent manner, and what kind of interaction mediates the recognition? In a survey of the reported structures around the active sites of MmCPDII and Dm64, an arginine side chain (Arg441 of MmCPDII and Arg421 of Dm64) protruded into the space in the DNA helix, which was occupied by the photoproduct before the enzyme binding ( Figure 1B and C) . This Arg is highly conserved among PLs ( Figure 1D ), and thus is considered to play a key role in the lesion recognition at the primary stage of the binding. Maul et al. indicated that Arg421 in Dm64 forms a salt bridge with the phosphate groups in the DNA backbone, and even more interestingly, stacks on the guanine base 3 flanking to the (6-4)PP (18) , whereas these interactions were not detected in the CPD-PL complex structure (Figure 1B) , probably due to the electrically-neutral internucleoside formacetal linkage in the CPD analog (16, 17) . In addition to the conserved Arg residue, some other amino acid side chains also occlude the space. In the MmCPDII structure, Trp431, which is conserved among the class II CPDPLs ( Figure 1D ), is located adjacent to Arg441. However, Trp431 in MmCPDII is replaced with Gln418 in Dm64 (Figure 1D ), but Gln418 occupies a different position from that of Trp431 in MmCPDII ( Figure 1B and C) . This Gln is only conserved among (6-4)PLs ( Figure 1D ), implying a specific functional role in the (6-4)PP recognition. Although structural (18) and theoretical (20) studies indicated the electrostatic interaction between Arg and the phosphate groups, the other interactions between DNA and the enzyme and the importance of such interactions in the biological function of the (6-4)PL have not yet been described.
Here, we have comprehensively investigated the binding of Xenopus laevis (6-4)PL (Xl64) to (6-4)PP-containing substrates, by using mutants of Xl64 and chemicallymodified oligonucleotides. In combination with theoretical investigations, we identified two important interactions between DNA and Xl64, which strikingly impacted the DNA binding and even the DNA repair abilities. Based on our experimental and theoretical observations, we propose a binding model of Xl64. This formulated binding model explains the reason why the CRYs cannot bind to the (6-4)PPcontaining DNA.
MATERIALS AND METHODS
Reagents for DNA synthesis were purchased from Thermo Fisher Scientific (Tokyo, Japan) and Glen Research (Sterling, VA). All other reagents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), except for 6-carboxytetramethylrhodamine N-hydroxysuccinimide ester, which was purchased from Berry & Associates, Inc. (Dexter, MI, USA). HPLC analyses were performed on a Gilson gradient-type analytical system, equipped with a Waters 2998 photodiode-array detector. A Waters Bondasphere C18 5 m 300Å column (3.9 mm × 150 mm) was used on this system, at a flow rate of 1.0 ml min -1 with a linear gradient of acetonitrile in 0.1 M triethylammonium acetate (TEAA) (pH 7.0) generated over 20 min. Absorption and fluorescent spectra were measured on a PerkinElmer Lambda 35 UV/Vis spectrometer and a JASCO FP-6500 spectrofluorometer, respectively.
Solid-phase DNA synthesis
Oligonucleotides used in this study were synthesized on an Applied Biosystems 3400 DNA synthesizer, using phosphoramidite building blocks of the (6-4)PP (21), 5,6-dihydrothymidine (Glen Research), 5 -amino linker (5 -amino modifier C3-TFA, Glen Research), dSpacer (Glen Research), and deoxyribonucleosides for ultra-mild DNA synthesis (Glen Research), which were assembled on a Universal Support III PS (Glen Research). Phenoxyacetic anhydride (Glen Research), benzimidazolium triflate (22, 23) , and iodine (Glen Research) were used as capping, activation, and oxidation reagents, respectively. The synthesized oligonucleotides were cleaved from the support by a treatment with 2 M ammonia in methanol for 1 h, and then deprotected by a treatment with 28% ammonia water at room temperature for 2 h. The products were purified by HPLC.
The oligonucleotides containing the 5 -amino linker were dissolved in 500 l of 0.1 M carbonate buffer (pH 9.0), and 6 l of 0.17 M 6-carboxytetramethylrhodamine (TAMRA) N-hydroxysuccinimide ester, dissolved in anhydrous DMSO, was added to the solution. The mixture was incubated at room temperature overnight. After ethanol precipitation, the fluorescently-labeled oligonucleotides were analyzed and purified by HPLC, using a gradient of 7.3-25.3% acetonitrile in 0.1 M TEAA. The amounts of the oligonucleotides were determined by the TAMRA absorption (molar extinction coefficient at 556 nm of 89 000 M -1 cm -1 ).
Site-directed mutagenesis
The site-directed mutagenesis of WT-Xl64 for the Escherichia coli UV survival assay and the overexpression of the mutant genes were performed by polymerase chain reaction (PCR), using either a PrimeSTAR Mutagenesis Basal kit (Takara-Bio, Inc., Shiga, Japan) or a QuickChange II Site-Directed Mutagenesis kit (Agilent Technologies, Inc., La Jolla, CA, USA), with either the pGEX4T-2 or pET28a plasmid encoding Xl64 as the template. The primer sets for the mutagenesis are shown in Supplementary Table S1 . After the PCR amplification, E. coli DH5␣ competent cells were transformed with the PCR products. The purified plasmids were sequenced and used for the following experiments.
UV survival assays and purification of the Xl64 mutants UV survival assays of the E. coli SY32/pRT2 strain producing WT or mutants of Xl64 were performed with the pGEX4T-2 plasmids, as described previously (24, 25) . All survival rates were normalized to that measured without the UV irradiation (set to 1). The experiments were independently performed in triplicate, and the data were analyzed by the two-sided Student's t-test. Statistical significance was set to P < 0.01. Overexpression and purification of the mutants were performed with the pET28a plasmids, as described previously (9, 26) . The concentrations of the obtained enzymes were determined by the absorption of oxidized FAD at 450 nm, using its absorption coefficient of 11 200 M -1 cm -1 .
Binding of the wildtype and mutants of Xl64 analyzed by electrophoretic mobility shift assays
Electrophoretic mobility shift assays on polyacrylamide gels were performed, as described previously (27) . The 49-mer oligonucleotide containing the (6-4)PP, d(AGCTACCATGCCTGCTGCACGAAT(6-4)TAAGCAATTCGTAATCATGGTCATAGCT), where T(6-4)T represents the (6-4)PP formed between two thymidines, was treated with T4 polynucleotide kinase (Takara-Bio, Japan) in the presence of 32 P-ATP (∼400 kBq, Perkin Elmer), at 37
• C for 30 min. The 32 P-labeled oligonucleotide was passed through a G-25 Microspin column (GE Healthcare), and was hybridized to a complementary strand, d(AGCTATGACCATGATTACGA ATTGCTTAATTCGTGCAGCAGGCATGGTAGCT). The duplex was incubated at 4
• C with the enzymes, in a buffer containing 50 mM Tris-HCl (pH 8.0), 50 mM NaCl and 5% glycerol, for 30 min under the yellow light, and the samples were subjected to electrophoresis on a 5% polyacrylamide gel. The dried gels were visualized with an FLA-7000 image analyzer (Fuji-Film, Japan), and the bound and unbound fractions were quantified by the MultiGauge software. The experiments were performed in triplicate, and the averaged bound concentrations were plotted over the enzyme concentrations. The dissociation constants were obtained by fitting the data with a single binding site model.
Quantum yield measurement
The steady-state quantum yields of the (6-4)PP repair by the wildtype or mutants of Xl64 were determined in vitro, as described previously (9) . A single-stranded 8-mer containing the (6-4)PP, d(CGAT(6-4)TGAT), was generally used in this study. A typical reaction solution (250 l) consisted of 40-50 M substrate, ∼2 M enzyme, 10 mM phosphate (pH 7.0), 100 mM NaCl, 6 mM cysteine, and 5% glycerol, and the photorepair was performed with an LQX1800 xenon lamp under the same setup conditions as described previously (9) . Quantum yields were calculated from the absorbance of the enzyme at 384 nm, the slope of the diminishment at 325 nm, ε at 325 nm (-6000 M -1 cm -1 ), and the slope of the bleaching of the p-(dimethylamino)-benzenediazonium tetrafluoroborate actinometer, as described previously (9,28 
Fluorescence anisotropy measurements
Fluorescence anisotropy was measured on an FP-6500 fluorometer (JASCO), equipped with polarizers for both the excitation and emission windows. Excitation and emission wavelengths were set to 556 and 580 nm, respectively. All measurements were performed at 10
• C, under the control of a Peltier device (EHC-573T, JASCO). To 200 l of the DNA binding solution, containing 40 nM DNA, 10 mM phosphate, 100 mM NaCl, and 5% glycerol (pH 7.0), was added a diluted protein solution, containing up to 20 M Xl64 in total. After 5 min incubation of each solution, the fluorescence anisotropy was measured. The experiments were performed in triplicate, and the mean values and standard deviations were plotted over the enzyme concentrations ([E] in Equation (1)). The data were fitted with the following equation:
where A max and A min represent the ideal anisotropies for the bound and free DNA, respectively, and K d represents the dissociation constant. These values were considered as variables, while the total concentration of DNA ([S] 0 ) was extrapolated.
Setups of the theoretical calculations
Theoretical calculations were performed using the reported complex structure of Drosophila melanogaster (6-4)PL (Dm64) and duplex DNA (PDB ID: 3CVU), referred to as PL WT , and its mutants (PL R421A , PL R421K and PL R421L ), which were prepared with the Winmostar software (29) by converting the corresponding arginine residue (421 for Dm64, instead of 410 for Xl64) into alanine, lysine and leucine, respectively. The geometric optimization and the electronic structure calculations for the (6-4)PP and FADH -(Supplementary Figure S1 ) were performed using Gaussian09 (30) , at the B3LYP/6-31G(d) level. The obtained results were converted into the Amber force field, using the Antechamber module of the AMBER 14 program package (31) (shown in Supplementary Tables S2  and S3 ). Throughout the following calculations, the Amber force field 14 SB (32) and the created force fields for the (6-4)PP and FADH -were used. The calculation systems were neutralized with Na + counter ions, and solvated using the TIP3P water model (33) provided in the tLeap module. Note that the total atom numbers of each system (for PL WT , PL R421A , PL R421K and PL R421L ) were 81 565, 81 549, 81 563 and 81 558, respectively. Energy minimization was performed using the Sander module at 5000 iterations with restraints on all heavy atoms (the force constant of which was set to 10 kcal mol -1 ), followed by 10 000 iterations without restraint.
The obtained structures were further optimized by QM/MM calculations with ONIOM(B3LYP/6-31G(d)/AMBER)-EE (see Supporting Information) (34) (35) (36) (37) (38) (39) , in which the QM region covers Gln418, the amino acid residue at 421st position, (6-4)PP, and the nucleotides flanking the (6-4)PP, whereas the other part belongs to the MM region. The optimized structures are shown in Supplementary Figure S3 .
Fragment molecular orbital (FMO) method
To estimate the interaction energy between amino acid residues and nucleic acids, the fragment molecular orbital (FMO) calculation (40-42) (see Supplementary data) was performed in the GAMESS program package (43) , and the electronic structure was calculated at the MP2/6-31G(d,p) level with the two-body FMO (FMO2) expansion. The optimized structures of the QM region were extracted and divided into eight fragments, by replacing covalent bond(s) with hydrogen atom(s), in order to obtain the interfragment interaction energies (IFIEs) (40, 44, 45) Tables S4-S7 .
RESULTS AND DISCUSSIONS

Mutations of Gln407 and Arg410 in Xenopus (6-4) photolyase
To investigate the involvement of the Gln and Arg residues (Figure 2A ) in the recognition of the (6-4)PP, we first performed UV survival assays of E. coli producing the wildtype (WT) or mutants (Q407A and R410A) of Xl64. If these residues function in the recognition and/or the DNA repair, then the survival of the strain producing the mutant is expected to be reduced, as compared to that of the WT-producing strain. The results ( Figure 2B ) indicated that the survival of the strain producing the R410A mutant decreased significantly, while the Q407A mutation did not cause such a decrease in the survival, indicating that Arg410 in Xl64 plays a key role in its enzymatic function.
Next, the binding and DNA repair abilities of the recombinant Xl64 mutants of Gln407 and Arg410 were investigated. As the decrease in the survival was observed for the R410A mutant-producing E. coli strain, we exclusively focused on the arginine side chain, and replaced Arg410 with either lysine or alanine. The guanidine moiety in Arg410 is in principle positively charged at physiological pH, forming salt bridges with the phosphate groups proximal to the (6-4)PP (18) . Lysine consists of an alkyl chain and a terminal positively-charged amino group, similar to the arginine side chain, and hence the R410K mutant would help to clarify the importance of the salt bridge. The Q407A mutant was also prepared, with the expectation of no significant mutation effect.
The binding abilities of WT-Xl64 and the mutants were evaluated by electrophoretic mobility shift assays, using 32 P- Table 1 . The K d value of the WT enzyme was 30 ± 3 nM under our experimental conditions, while the K d of the Q407A mutant (45 ± 6 nM) was 1.5-fold larger than that of the WT, suggesting that the loss of the glutamine residue slightly lowers the affinity for the substrate. The K d value for the R410A mutant (71 ± 6 nM) was 2.4-fold larger than that of the WT. Interestingly, the mutation of Arg410 to lysine restored its binding ability, and the K d for R410K (14 ± 1 nM) was actually 2-times smaller than that of the WT. These results indicated that the arginine residue that is highly conserved among photolyases (i.e. Arg410 in Xl64) plays an important role in the enzyme binding to the substrate, which is dominated by an electrostatic interaction between Arg410 and the DNA, as suggested in the previous report on the complex structure (18). a Estimated by using 1 = 6.7%, 2 = 83%, k x = 0.01 s -1 and respective k exc , as described previously 9 .
Next, we compared the DNA repair activities of the mutants. The enzymes containing fully-reduced FADH -were prepared anaerobically, and in the presence of the substrate, the enzyme solution was illuminated with monochromic light at 384 nm, while the photon flux was counted by chemical actinometry. In this assay, we used a single-stranded 8-mer substrate, because the steady-state quantum yield ( ss ) of photorepair of the 8-mer substrate was almost identical to that of the double-stranded 14-mer substrate (Supplementary Figure S3) . By monitoring the disappearance of the 325 nm absorption band of the (6-4)PP ( Figure 3A , ε = -6 mM -1 cm -1 ), the repaired substrate per enzyme (S/p 0 ) was plotted against the incident photon numbers for the excitation of FADH -( Figure 3B ), and the obtained ss values are summarized in Table 1 . WT and Q407A repaired the substrate at a similar rates, and their ss values for the DNA photorepair were 5.0% for WT and 5.6% for Q407A. In a previous study, ss reportedly depends on the excitation rate of FADH -(k exc ) (9) . By taking into account the k exc in each experiment (0.044 s -1 for WT and 0.082 s -1 for Q407A), the quantum yields of the first and second photoreactions by WT ( 1 and 2 as 6.7% and 83%, respectively), and the rate constant of the reversion of the (6-4)PP from the intermediate at 10
• C (k x as 0.01 s -1 ) (9), the ideal ss values (the extrapolated ss for the photorepair by the WT under these conditions) are estimated to be 4.9% and 5.5%, respectively, indicating that the repair activity of Q407A is equivalent to that of WT. This result, in addition to the DNA binding ability of Q407A, demonstrated that the Gln407 residue does not play any role in the entire repair process of the (6-4)PP.
In contrast, R410A repaired the substrate quite inefficiently. The calculated ss for R410A was 1.3%, while the ideal ss at k exc of 0.082 s -1 is 5.5%. The reduced activity for R410A was expected from the reduced survival of the R410A-producing E. coli strain ( Figure 2B ), and again confirmed that Arg410 plays a key role in the photorepair process of the (6-4)PL. Interestingly, the repair activity of R410K was recovered to the same level as that of WT, and the ss for R410K was 5.1%, which is in nice agreement with the ideal ss at k exc of 0.047 s -1 (5.0%). One may consider that the presence of the positive charge interacting with the phosphate group would be required for the proper electron transfer from the excited state of FADH -to the (6-4)PP. However, a recent large-QM/MM study demonstrated that the electron transfer to the 5 moiety of the (6-4)PP is a downhill reaction, without taking into account the presence of the Arg residue in the calculation (46) , and thus the reduction in ss for R410A would mainly be caused by the substrate binding. These results indicated that a positive charge in the amino acid residue at the 410th position in Xl64 is required for the formation of a catalytically active DNA-protein complex.
Theoretical estimation of interaction energy between Arg and DNA
To characterize the types of interactions that the arginine residue contributed to the binding and the repair, the interaction energies between Arg and its proximate residues in the DNA were evaluated by the fragment molecular orbital (FMO) method. We used the coordinates of the structure of Dm64 in complex with the (6-4)PP-containing DNA for the calculation, since Dm64 and Xl64 share high amino acid sequence similarity (58% identity and 70% similarity). In the search for the proximate residues to Arg421 in Dm64 (corresponding to Arg410 in Xl64), Gln418, (6-4)PP, and the nucleosides flanking the (6-4)PP were found. After the replacement of the arginine by alanine or lysine, followed by the energy minimization, the geometric optimization was performed by the QM/MM calculations (see the results in Supplementary Figure S2) , in which the QM region covered the above-mentioned molecules, while the others were in the MM region without water molecules. The molecules in the QM region were then extracted and divided into eight parts (eight fragment monomers), as shown in Figure 4A , and the inter-fragment interaction energies (IFIEs) (45, 47, 48) between the two fragment monomers among them were calculated at the FMO2-MP2/6-31G(d,p) level. In order to analyze which type of interaction is prominent, the pair interaction energy decomposition analysis (PIEDA) was performed, and the electrostatic energy (E es ) and the dispersion energy (E disp ) between the two fragment monomers obtained by PIEDA were mapped ( Figure 4B ). In the calculation, the molecules were divided into eight fragments; the Gln residue (fragment 1), the Arg residue (fragment 2), dGMP 5 next to the (6-4)PP (fragment 3), the 5 side deoxyribose moiety of the (6-4)PP with the internucleoside phosphate within the (6-4)PP (fragment 4), the 3 side deoxyribose moiety of the (6-4)PP with the 3 flanking phosphate (fragment 5), the base moiety of the (6-4)PP (fragment 6), the deoxyribose moiety of the dG 3 flanking the (6-4)PP (fragment 7), and the base moiety of the 3 dG. In the case of the mutants (PL R421A and PL R421K ), the fragment 2 was replaced with the corresponding amino acid residue. The IFIEs for these fragments were calculated at the FMO2-MP2/6-31G(d,p) level with the PIEDA option. Red and blue dotted lines represent remarkable electrostatic and dispersive interactions, respectively. Note that we simulated the ideal contribution of the electrostatic and dispersive interaction energies without taking into account the solvation, in order to exclude the solvation-induced stabilizing effect. (B) Heat maps of the electrostatic and dispersion energies (E es and E disp , shown in red and blue, respectively) between the two individual fragments in PL WT , PL R421A , or PL R421K . The detailed values of the simulated interaction energies are summarized in Supplementary Tables S4-S6 . In PIEDA, E es and E disp for the fragment pair originally linked through a covalent bond (e.g. fragments 4 and 5) were found to be largely negative (see Supplementary  Tables S4-S6 Regarding the E es for WT, the strongest interaction was observed for the 2-5 pair; namely, between Arg and the 3 side of the deoxyribose moiety of the (6-4)PP with the phosphate group 3 to the (6-4)PP, and its interaction energy was estimated to be -97.5 kcal mol -1 . In addition, a pair between Arg and the 5 side deoxyribose moiety of the (6-4)PP with the internucleoside phosphate in the (6-4)PP exhibited the great stabilization energy of -83.1 kcal mol -1 . These are likely to be attributable to the Coulomb interactions between the positively-charged Arg residue and the negatively-charged phosphate groups. By contrast, these interactions were absent in PL R421A ( Figure 4B ), explaining the lowered affinity of the R410A mutant of Xl64 for the (6-4)PP-containing oligonucleotide, as shown in Figure 2D . In the same manner as observed in the previous section, these interactions were recovered in PL R421K ( Figure 4B ), and the interaction energies of Lys with the internucleoside phosphate in the (6-4)PP and the phosphate group 3 to the (6-4)PP were even more negative than those in WT (-98.9 and -124.5 kcal mol -1 , respectively), reasonably explaining the smaller K d (better binding) obtained for R410K of Xl64 than that of WT-Xl64.
We then exclusively focused on the dispersion energies (E disp ) between the two individual fragment monomers, and found the two distinct dispersive interactions of Arg, with the 3 side deoxyribose moiety of the (6-4)PP (-6.5 kcal mol -1 ) and the nucleobase of dG 3 flanking the (6-4)PP (-6.3 kcal mol -1 ). These interactions were absent in PL R421A , but recovered in PL R421K ( Figure 4B and C), in the same manner as the Coulomb interactions with the phosphate groups. Arg and Lys commonly possess a long alkyl chain and a positive charge at the terminus of the alkyl chain, which would contribute to form attractive dispersive interactions between the amino acid side chain and the sugar moiety of the (6-4)PP. As the alkyl chains of Arg and Lys are located over the 3 nucleobase in the optimized structures of PL WT and PL R421K , the dispersive interaction between Arg (Lys) and the 3 nucleobase is most likely attributable to a CH-interaction. In their optimized structures, the H␣ atom in the amino acid residues at the 421 st position is directed to the planar guanine base, in a distance range of 2.5-3.0Å. As the stabilization energy of the CHinteraction between benzene and carbohydrate is reportedly 0.5-2.7 kcal mol -1 per single interaction (49-51), our calculation thus implicated that several CH-interactions are involved in the DNA-Xl64 complex.
Role of the CH-interactions in the substrate binding and the DNA repair by Xl64
Our FMO calculations for the Dm64 complex structure suggested the presence of the CH-interaction between Arg and a nucleobase 3 flanking the (6-4)PP, and this interaction contributed to the stabilization of the protein-DNA complex by about -6 kcal mol -1 , which is apparently not quite as important, as compared to the strong Coulomb interaction between Arg and the phosphate groups (-80-100 kcal mol -1 ). To verify how and to what extent the suggested CH-interaction impacts the enzymatic activity of Xl64, we synthesized a series of 10-mer substrates containing dihydrothymidines (DHT) on both sides of the (6-4)PP, in which a normal thymidine is incorporated at different positions in the sequence; namely at the 5 terminus (DHT-1), 5 flanking the (6-4)PP (DHT-2), 3 flanking the (6-4)PP (DHT-3), and the 3 terminus (DHT-4) ( Figure 5A ). The base moiety of the DHT is puckered due to saturation and thus is no longer -planar, and therefore is not expected to form the CH-interaction with Arg. As DHT-3 possesses a planar aromatic nucleobase at the 3 position flanking the (6-4)PP, it is considered to be the only substrate able to form the CH-interaction with Arg, and thus it can be used to test the DHT-3-specific behavior.
First, the binding of Xl64 to the DHT substrates was investigated by fluorescent anisotropy measurements, using the tetramethylrhodamine-labeled DHT substrates ( Figure  5B) , and the K d values of the enzyme for the substrates were Table 3 . Binding of WT-Xl64 to the substrates containing an AP site
obtained by non-linear fitting. The dissociation constants of WT-Xl64 for the DHT substrates were on a M order (Table 2), and much larger than those obtained in the EMSA experiments. This is simply caused by the weaker binding of Xl64 to single-stranded DNA than to double-stranded DNA, as described previously (27, 52) . Interestingly, the K d value for DHT-3 was found to be the lowest (0.73 M) among the tested DHT substrates, suggesting that the presence of the aromatic nucleobase at the position 3 flanking the (6-4)PP is required for the proper DNA binding of Xl64, likely through the CH-interaction between the alkyl chain of the arginine side chain and the aromatic nucleobase 3 flanking to the (6-4)PP.
To corroborate the presence of the CH-interaction, another set of substrates was prepared; d(TTTTT(6-4)TTTTT) ((6-4)T8), d(TTT T(6-4)TTTTT) (5AP), and d(TTTTT(6-4)T TTT) (3AP), where the underscore in the sequences represents a stable analog of the apyrimidinic/apurinic (AP) site ( Figure 5A ). WT-Xl64 was expected to exhibit the weakest binding affinity for 3AP, which lacks a nucleobase 3 flanking the (6-4)PP, due to the loss of the CH-interaction. These substrates were also fluorescently-labeled, and the K d values were obtained in the same manner as described above ( Figure  5C and Table 3 ). The K d for (6-4)T8 was 154 ± 18 nM, which was much smaller than that for DHT-3. Since the base moiety of DHT is puckered, the steric hindrance of the enzyme-DNA interaction might be more prominent in DHT-3 than in (6-4)T8, leading to the large K d value for DHT-3. The introduction of the AP site analog into the sequence drastically changed the binding affinity, and the K d value for 5AP (53 ± 6.2 nM) was 3-fold smaller than that for (6-4)T8, while the value for 3AP (468 ± 45 nM) was 3-fold larger than that for (6-4) T8. This result clearly demonstrated that the loss of an aromatic base at the position 3 adjacent to the (6-4)PP significantly reduces the affinity, indicating the key role of the CH-interaction in the substrate binding of Xl64. The larger affinity for 5AP than for (6-4)T8 was unexpected, but this may simply be caused by the absence of the steric hindrance on the 5 side of the (6-4)PP, and the enzyme would be able to access the lesion more easily in 5AP than in (6-4)T8 . Comprehensively, we have demonstrated that the aromatic nucleobase 3 adjacent to the (6-4)PP participates in the CH-interaction that contributes to the tight binding of Xl64 to the (6-4)PP-containing substrate.
Next, the photorepair of the DHT substrates by WTXl64 was investigated, and the S/p 0 values for the DHT substrates were plotted against the incident photon numbers ( Figure 5D ). The results clearly demonstrated that the photorepair of DHT-3 exhibited the steepest slope, while those of DHT-1, DHT-2, and DHT-4 proceeded much more slowly, with almost the same inefficiency as the photorepair of the normal substrate by R410A ( Figure 3B ). Their ss values were calculated as 1.6% for DHT-1, 1.7% for DHT-2, 5.3% for DHT-3, and 1.6% for DHT-4, indicating that DHT-3 was the sole substrate to be repaired as efficiently as the standard substrate (see Figure 3) . In fact, DHT-3 was previously utilized for the detection of the photorepair induced by single-turnover laser flashes (9) , in order to reduce the background of the UV absorption. This substrate design idea was originally proposed in the study on CPD photorepair by Thiagarajan et al., in which they showed that a substrate containing the cis-syn CPD, in place of the (6-4)PP, in the DHT-4 sequence was repaired in a comparable manner to the standard substrate (28) . In contrast, our results showed that Xl64 was not able to repair the DHT-4 substrate as efficiently as the standard substrate. The difference in the substrate preferences between CPD-PL and (6-4)PL indicated their diverse substrate binding mechanisms. The DNA repair experiments using Xl64 also revealed that the CH-interaction plays a very significant role in the stabilization of a robust repair-active complex. The repair of the (6-4)PP by (6-4)PL reportedly requires two photons, associated with the formation of the intermediate (9) . Thus, the (6-4)PL should keep the lesion and the intermediate accommodated in the active site, until the enzyme releases the repaired product. As the reduced binding affinity for the substrates lacking the aromatic nucleobase at the position 3 flanking the (6-4)PP was observed, the complex lacking the CH-interaction would not be stable enough to hold the lesion (and probably the intermediate, as well), leading to the reduced ss values in the CH-interaction-lacking substrates. Figure 5 .
Binding of the mutants of Xl64 to the DHT substrates
We next investigated the binding of the Arg mutants of Xl64 to DHT-1 and DHT-3, in addition to (6-4)T8, and the results are summarized in Supplementary Figure S4 and Table  4 . A comparison of the WT and R410A results for (6-4)T8 indicated that the loss of Arg410 lowered the affinity for (6-4)T8, with a K d value of 3 M. A similar increase of the K d was observed for DHT-3, but not for DHT-1. These results indicated that the loss of Arg410 significantly reduces the affinity for the substrates containing an aromatic nucleobase 3 flanking the (6-4)PP, and also that the low affinities with the K d values of 3-5 M reflect the non-specific binding to the substrate. The binding of R410K to (6-4)T8 and DHT-3 exhibited similar affinities to that of the WT, while the K d value for DHT-1 was 3.08 M. To evaluate the importance of the CH-interaction, we prepared the R410L mutant, which possesses an alkyl side chain potentially capable of forming a CH-interaction with the 3 flanking aromatic nucleobase, but lacks a positive charge. The binding of R410L was found to be in the same range as R410A, and the K d values for these substrates were 2-3.5 M. Due to a concern that the K d value of R410L for DHT-3 (2.28 M) was smaller than that of R410A (3.72 M), presumably due to the presence of the CH-interaction, the simulated interaction energies for PL R421L were evaluated in the same manner as described in the previous section. The results (shown in Supplementary Figure S5 and Supplementary Table S7) indicated that the Leu mutant showed no significant dispersive interaction between the Leu residue and the 3 nucleobase. In addition, the photorepair of the 8-mer substrate by R410L was as inefficient as that by R410A (Supplementary Figure S6) , indicating that the Leu residue does not participate in the formation of the CH-interaction and therefore R410L cannot stabilize the repair-active complex.
'Ship docking' model for the binding of (6-4)PL
We propose the general requirements for the formation of the stable and repair-active DNA-Xl64 complex ( Figure 6) . First, the presence of the positive charge at the 410th position in Xl64 is mandatory, and the loss of the Coulomb interaction between the guanidine moiety and the phosphate groups in DNA makes the DNA-Xl64 complex fragile. Secondly, the CH-interaction between the alkyl side chain of the 410th amino acid and the aromatic nucleobase 3 flanking the (6-4)PP is also required for the formation of the robust DNA-Xl64 complex. In contrast, the presence of an alkyl chain capable of forming the CH-interaction is not sufficient to form a stable complex. As observed in the FMO calculations, the stabilization energy of the CH-interaction is only -6 kcal mol -1 , and thus the Coulomb interac- Our results demonstrated that both the Coulomb and CHinteractions ensure the robust repair-active DNA-protein complex, even though the stabilization energy of the CHinteraction is small.
The binding of (6-4)PL can be likened to ship docking. An anchor is cast prior to ship docking, but the passengers in the ship cannot land by only fixing the ship with the anchor, because the ship will become unstable when the wind blows. The ship crew then throws ropes to fix the ship to bollards on the dock, so the ship does not move away from the pier. Tethering the ship to the bollards with the ropes, without the anchor, cannot guarantee the safe landing because the ropes can easily break. Both the casting of the anchor and the tethering with ropes are required. In the DNA repair by the (6-4)PL, the enzyme first needs to be anchored to the DNA by the interaction between the positively-charged Arg residue and the phosphate groups at the lesion site via the Coulomb interactions, and then the Arg-DNA interaction is reinforced by the CH-interaction between the Arg alkyl chain and the 3 flanking nucleobase, ensuring a tightly-bound DNA-protein complex capable of robust DNA repair. The Arg residue thus plays a crucial role in the function of DNA repair by the (6-4)PLs.
Animal cryptochromes possess His in place of Arg
Animal CRYs share high sequence similarity to the (6-4)PLs, but their functions are diverse. Although the amino acid residues responsible for the (6-4)PL activity, such as the His-His-Tyr motif in the active site (18) , are conserved even in the animal CRYs, they neither bind nor repair the (6-4)PP-containing oligonucleotides (3, 53) . Interestingly, the Arg residue highlighted in this study is replaced with His in most animal CRYs ( Figure 7A ). Although the imidazole moiety of histidine can partially be protonated in a neutral solution, in a similar manner to the Arg and Lys residues, the length of the alkyl chain connecting the imidazole ring to the C␣ atom seems to be too short to form the Coulomb interaction with the phosphate groups in the DNA backbone, and this may be the reason why the animal CRYs have lost the specific binding ability to the (6-4)PPcontaining DNA.
To address this possibility, we prepared another mutant of Xl64, in which Arg410 was replaced with His (R410H), and the binding abilities of R410H to (6-4)T8, DHT-1, and DHT-3 were evaluated in the same manner ( Figure 7B ). The anisotropy changes of DHT-1 and DHT-3 upon titration with the R410H mutant exhibited almost the same curves as those obtained for R410A and R410L (Supplementary Figure S4) , and the K d values for the DHT substrates were found to be on the order of 3 M (Figure 7C ), suggesting a reduced binding ability. Unlike R410A and R410L, however, R410H bound (6-4)T8 with a smaller K d value (1.22 M) than those obtained for DHT-1 and DHT-3. A comparison of the K d values of WT-Xl64 and R410H for (6-4)T8 revealed that the mutation of Arg to His clearly reduced the affinity, by a factor of 8. In fact, the FAD-binding cavity of mouse CRY (54, 55) is obviously wider and shallower than that of Dm64, and thus the animal CRY seems to be no longer capable of accommodating the flipped lesion, due to the structural difference. However, our result demonstrated that the single mutation of Arg in Xl64 to His drastically changes its specific DNA binding ability to the (6-4)PP-containing substrate, even though the DNA binding site is preserved, implying that this Arg residue could be the turning point for the biological roles of (6-4)PLs and CRYs.
In conclusion, we have comprehensively demonstrated that the Coulomb and CH-interactions between DNA and the Arg residue in (6-4)PL are critical for its biological functions. The loss of either of them reduces the affinity for the substrate, even though the stabilization energy of the CH-interaction is much smaller than that of the Coulomb interaction. The CH-interaction networks facilitate the construction and the stabilization of protein structures (50) , but there are very few examples in which the CH-interaction governs the enzymatic function (56) , especially in between DNA and proteins. The replacement of the Arg residue with His in Xl64, which is found in animal CRYs, also reduces the affinity for the substrates, implying the functional differentiation of the (6-4)PLs and CRYs, despite the similarities in their structures and amino acid sequences.
